Low-dimensional layered materials have attracted tremendous attentions due to their wide range of physical and chemical properties and potential applications in electronic devices. Using first-principles method taking into account the quasiparticle self-energy correction and Boltzmann transport theory, the electronic transport properties of ZrSe3 monolayer are investigated, where the carrier relaxation time is accurately calculated within the framework of electron-phonon coupling.
Introduction
With the world's increasing demand for energy, a compelling need exists for high performance thermoelectric materials which can directly convert waste heat into electrical power. The thermoelectric conversion efficiency is usually determined by the figure-of-merit 2 
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, where S is the Seebeck coefficient,  is the electrical conductivity, T is the absolute temperature, and  is the sum of the electronic ( e  ) and lattice ( l  ) thermal conductivity. To achieve a high ZT value, a thermoelectric material requires large power factor ( 2 S  ) and/or low thermal conductivity. During the past two decades, various effective strategies have been applied to improve the efficiency of thermoelectric materials [1−3] . In particular, the pioneering work of Hicks et al. [4, 5] proposed that low-dimensional structures could     are the wavefunction and self-consistent potential, respectively. In order to achieve converged carrier relaxation time, the EPC calculations have been performed by using coarse grids of 8 [40] , and a fine 96 96 1   q-mesh is adopted to ensure convergence.
Results and discussion
As discussed above, the monolayer ZrSe3 is expected to be obtained by mechanical cleavage or liquid phase exfoliation of its bulk counterpart. The top and side views of the monolayer are shown in Figure 1 (a) and 1(b), respectively. The optimized lattice constants of the primitive cell are respectively 5.48 Å and 3.78 Å along the x-and y-direction, and the thickness is as large as 6.32 Å. Our calculated lattice parameters are in good agreement with those reported previously [9] . As can be seen from Fig and (0.000, 0.000, 0.000), respectively. It is well known that the standard DFT tends to underestimate the band gap seriously, and such limitation can be solved by calculating the quasiparticle properties with the GW approximation of the many-body effects. As can be found from Fig. 2(a) , the major change caused by GW calculation is that the conduction band is obviously upshifted and the energy gap is significantly increased to 1.63 eV compared with the PBE result. If we focus on the conduction band bottom, we see that the band dispersion along the YS direction (x-direction) is much larger than that along the SX direction (y-direction). In another word, there is a mixture of light and heavy conduction bands which is very beneficial for achieving high thermoelectric performance [41] . To have a better understanding, the energy dispersion relations of the top valence band and bottom conduction band are shown in Within the framework of Boltzmann transport theory, the Seebeck coefficient, the electrical conductivity, and the electronic thermal conductivity of ZrSe3 monolayer can be expressed as
Here e is the electron charge, T is the absolute temperature,  is the chemical potential (corresponds to the carrier concentration), N k is the total number of k-points, V is the volume of the primitive cell, nk v and n  k are respectively the group velocity and eigenvalue with band index n at state k, and   , ,
Fermi-Dirac distribution function. As discussed above, the electron relaxation time
is accurately predicted by a complete EPC calculation. It should be noted that the transport coefficients depend on the definition of layer thickness, which is assumed to be the same as the interlayer separation of bulk ZrSe3 (9.38 Å). temperatures of 300 and 800 K. We do not consider higher temperature since the melting point of ZrSe3 single layer is estimated to be lower than 810 K as derived from the decomposition temperature of the TiS3 monolayer with the same crystal structure [17] . We find that the relaxation time at 300 K is obviously larger than that at 800 K, and they follow almost the same energy dependence. Besides, it can be seen that the relaxation time is relatively larger around the band edges, where the scattering channels are strongly limited due to the lower density of states (DOS). Within a narrow energy window around the conduction band edge, we detect a dramatic decrease of the electron relaxation time, which can be attributed to the sharp increase of the DOS caused by the heavy conduction band along the SX direction (see Fig.   2(a) ). According to the Mott relation, the Seebeck coefficient can be written as ) and mobility, respectively [42] . The strong energy dependence of the DOS discussed above can thus lead to a large Seebeck coefficient, as also demonstrated previously [43] . On the other hand, the electrical conductivity of ZrSe3 monolayer exhibits strong anisotropy due to significant difference of the band dispersion in the x-and y-direction. A much higher electrical conductivity can be obtained in the x-direction caused by larger group velocity. As a result, a considerably large power factor can be achieved along the x-direction due to simultaneously large Seebeck coefficient and electrical conductivity. Indeed, our first-principles calculations find that the room temperature power factor in the x-direction is 50 times as much as that in the y-direction at optimized electron concentration. Wiedemann-Franz law [46] . This is however not the case at 800 K, since the last term 2 TS  in Eq. (4) becomes important at high temperature. Due to the competitive behavior of the Seebeck coefficient and the electrical conductivity, a compromise must be taken to maximize the power factor, as shown in Fig. 3(d) . Compared with that at 800 K, the maximum power factor at 300 K appears at a lower electron concentration, since more states in the conduction band contribute to the carrier concentration at higher temperature [47] . At the optimized electron concentration of 12 2 3.8 10 cm ) at 300 K (800 K), which are higher than those of many good thermoelectric material such as Bi2Te3 [44] and SnSe [45] and convincingly confirms that the grooved bands can lead to better thermoelectric performance.
We now move to the discussion of the phonon transport properties of the ZrSe3 monolayer. In the phonon dispersion relations shown in Figure 4 (a), we see there are several low-frequency optic branches mixed with the acoustic ones, which is usually found in many systems with intrinsically low thermal conductivity [48] . Such a hybrid characteristic of phonon bands in the frequency range of 0~100 cm −1 are mainly contributed by the surface Se1 atoms, as indicated in the corresponding phonon density of states (PDOS). Besides, it can be found that the dispersion of acoustic phonon branch along the ΓY direction is relatively stronger than that along the ΓX direction, which suggests a smaller phonon group velocity and thus lower lattice thermal conductivity along the x-direction. Indeed, we see from Fig Due to the same reason, we see in Fig. 4(d) that the phonon group velocities are lower for the high frequency branches than those in the range of 0~100 cm −1 . It should be mentioned that the EPC may also have certain effects on the phonon transport properties [51−54] , especially at high carrier concentration. However, our additional calculations find that the phonon relaxation time originating from the EPC is at least two orders of magnitude larger than that from the intrinsic phonon-phonon scattering.
It is thus reasonable to ignore the effects of EPC on the lattice thermal conductivity of ZrSe3 monolayer.
With all the electronic and phonon transport coefficients obtained, we can now predict the thermoelectric performance of ZrSe3 monolayer. Figure 5 (a) shows the n-type ZT values along the x-direction, plotted as a function of carrier concentration at both 300 and 800 K. The corresponding transport coefficients are summarized in Table 1 . We find that at the optimized electron concentration of 
Summary
In summary, we present a comprehensive theoretical study on the thermoelectric properties of ZrSe3 monolayer within the framework of DFT. It is found that an indirect band gap of 1.63 eV can be obtained by considering the quasiparticle self-energy correction. Detailed analysis of the band structure in the whole Brillouin zone reveals that the grooved conduction bands can lead to strong anisotropy of the electronic transport properties of the n-type system. In particular, a high Seebeck coefficient and electrical conductivity can be simultaneously achieved in the x-direction. Moreover, it is found that the heat transport in the ZrSe3 monolayer is almost entirely contributed by the surface Se atoms. The relatively large bond length of Zr-Se1 and Zr-Se2 chains greatly limit their contribution to the heat transport, which directly leads to the low lattice thermal conductivity of the system. As a result, a maximum ZT value of ~2.4 can be realized at 800 K along the x-direction, suggesting the tremendous advantages of utilization of groove-like band structure in potential thermoelectric materials.
Acknowledgements
We thank financial support from the National Natural Science Foundation (Grant Nos. 11574236 and 51772220). The numerical calculations in this work have been done on the platform in the Supercomputing Center of Wuhan University. 
